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Judith Leatherman,6 and The
Genomics Education
Partnership7
The era of ‘big data’ is also the era
of abundant data, creating new
opportunities for student–scientist
research partnerships. By coordi-
nating undergraduate efforts, the
Genomics Education Partnership
produces high-quality annotated
data sets and analyses that could
not be generated otherwise, lead-
ing to scientific publications while
providing many students with
research experience.
Current technology has allowed massive
amounts of data to be collected in many
fields, including genomics, anatomy, ecol-
ogy, astronomy, and so on. Typically, after
analysis to answer the motivating question,
the data are put into publicly accessible
storage. Many of these data sets still con-
tain useful, unmined information, creating
an opportunity for expanded investiga-
tions. We have developed one such sys-
tem for taking advantage of public genomic
data sets, by developing data analysis tools
and providing them via the Internet to allow
undergraduates to engage in research.
This system of coordinating ‘massively par-
allel’ undergraduate efforts can be broadly
applied to other fields, providing benefits to
the scientific community, the scientists
directing the study, and the students
themselves.
Launched in 2006, the Genomics Edu-
cation Partnership (GEPi) brings under-
graduates into genomics research. The
consortium currently includes over 100
faculty members from diverse schools
(see ‘Contributing Authors’ section).
GEP students have contributed to
improving the underlying DNA sequence
quality and manually annotating selected
regions of several Drosophila genomes.
While helping students learn the basics
of eukaryotic gene structure and
genome organization, the process also
introduces students to large genomics
databases and bioinformatics tools,
strengthens their appreciation of evolu-
tion, immerses them in scientific inquiry,
encourages critical thinking, and leads
some to pursue graduate work and/or
bioinformatics careers. The improved
DNA sequence and careful annotations
they generated served as the foundation
in an analysis of the comparative evolu-
tion of megabase domains (a gene-rich
heterochromatic domain versus a
euchromatic domain), with high confi-
dence in the findings [1].
Such student ‘crowd-sourcing’ efforts are
scientifically valuable. In our recent study
comparing Drosophila melanogaster with
three other Drosophila species, GEP stu-
dents working between 2007 and 2012
improved 3.8 Mb of DNA from Drosophila
mojavensis and Drosophila grimshawi,
closing 72 gaps and adding 44 468 bp
of sequence. Students then annotated
8 Mb of DNA, modeling 1619 isoforms
of 878 genes across three species.
Whereas 58% of the final gene models
agreed with the GLEAN-R gene predic-
tions, 42% did not. Careful analysis of the
findings indicates that human reconcilia-
tion of conflicting data is currently superior
for accuracy, albeit significantly slower.
The resulting publication, which examines
the repeat characteristics (e.g., transpo-
son density) and evolution of the genes
(e.g., gene size, codon bias, and gene
movement) in a heterochromatic domain,
has 1014 co-authors, including 940
undergraduates [1].
The GEP project management process is
presented in Figure 1. For projects such as
this to be fruitful, it is necessary that the
problem be one that can be subdivided,
with each student (or small group) having
specific responsibilities. It is also important
to provide students with a standard analy-
sis protocol, as well as leading questions
and/or tools that enable students to check
their work. In the GEP, students working
on different species of Drosophila aim to
construct gene models that are best sup-
ported by the available evidence. That evi-
dence includes sequence similarity to the
annotated proteins of the well-annotated
reference D. melanogaster; results from ab
initio and extrinsic gene finders; and all
available modENCODE RNA-Seq data
for the species. This information and other
custom data are provided to students
through a local instance of the UCSC
Genome Browser (Figure 2). Students
must evaluate and reconcile multiple lines
of potentially contradictory evidence to
construct a gene model that they can
defend and use in subsequent explora-
tions. Large numbers of participants
enable the GEP to replicate annotations,
with experienced students (and occasion-
ally staff) doing a final reconciliation of any
conflicting results [2]. In our recent analysis
of2.1 Mb of the D. biarmipes D element,
GEP students produced 610 gene mod-
els, 74% in complete congruence
with the final reconciled gene models
(W. Leung, unpublished data, 2015).
GEP faculty embed this research chal-
lenge where appropriate in their curricu-
lum, generally in the laboratory portion of a
genetics or molecular biology course, in a
dedicated genomics laboratory course, or
through independent study. Such course-
based undergraduate research experien-
ces (CURE or CRE) are more accessible
for students who might not seek out a
traditional apprentice-style research expe-
rience [3], thus promoting inclusive excel-
lence. Courses also enable us to provide
research experiences for more students.
Each GEP faculty member decides on the
preliminary training needed for their class,
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creating their own curriculum or selecting
from a collection of shared materials on
the GEP website. Faculty members
coach students throughout the ongoing
research, and direct their subsequent
explorations, which vary depending on
the class learning objectives.
Assessment of pre- and postcourse quiz
performances show that participating stu-
dents increase their knowledge of eukary-
otic genes and genomes and gain insight
into, and appreciation for, the scientific
process. In fact, GEP students and under-
graduates who have spent a summer in a
research lab exhibited similar responses
to a survey on science learning and atti-
tudes [4,5]. Survey comments indicate
that most students appreciate the
hands-on approach to learning about
genes and/or genomes, and 85% are
enthusiastic about the opportunity to con-
tribute to a genuine research project. Part
of their motivation stems from the fact that
their work has meaning beyond the class-
room. Most students present and defend
their work through a poster or oral presen-
tation, often locally and occasionally at
regional and/or national conferences.
Many research projects have been suc-
cessfully integrated into a CURE format
[6,7]. For example, the University of Texas
at Austin recently reported that engaging
freshmen in a three-semester CUREii
results in significantly higher retention in
STEM, and higher graduation rates [8].
Most of the science being done in the
Texas program is based on projects led
by, and centered around, the research
interests of the faculty. Developing a
CURE for 10–40 students around the
research of an individual local faculty
member is a widespread approach, appli-
cable across the STEM disciplines [6].
Other CUREs take advantage of remote
operation of sophisticated instruments
available through the national laboratories
or other facilities, or analyze a local prob-
lem (e.g., the operation of a LEED-certified
building or the waste stream at the cam-
pus cafeteria). There are several national
projects in addition to the GEP. Perhaps
the largest is SEA-PHAGES, which
involves students in plaque purification
and characterization of novel locally iso-
lated phage, followed by genome
sequencing and annotationiii. Investiga-
tions that benefit from collection and coor-
dinated analysis of an array of data are
especially good topics for a CURE.
Faculty participating in national research
projects, such as the GEP, clearly benefit
as well. The central organization sets up
and maintains a website so that projects,
curriculum, and other resources can be
shared among the whole group. Joint
assessment, drawing on the large pool
of students, is also carried out. Faculty
attend webinars during the year and sum-
mer workshops that help them stay up-to-
date in a rapidly changing field, develop
new curriculum, and work on publications
in the scientific and science education
literatures. The project also enables them
to provide a research experience for a
greater proportion of their students, an
objective for many schools [9].
The diverse GEPmembership allows us to
assess the impact of different institutional
characteristics (e.g., 2/4 year, public/pri-
vate, large/small, selective/open, minority
or Hispanic serving) on student perfor-
mance. We find no significant correlation
between institutional characteristics and
student success (as judged by quiz scores
and a science learning and attitude sur-
vey). We do find a positive correlation
between the amount of time spent on
the GEP project and students achieving
the full benefits of a research experience
[2]. Students need time to master the tools
and gain familiarity with the system; they
can then begin to ask and address their
own questions about the genes and
genome under study.
Public ‘dra’ genomes




Oponal wet bench experiment
(PCR/sequencing of gaps)
Divide into overlapping projects
(∼40 kb, 2–7 genes)




Invesgate research queson of
interest
Sequence improvement
Collect projects, compare and




Analyze and publish results
Figure 1. Flowchart of the Genomics Education Partnership (GEP) Research Process. The draft
Drosophila genome assemblies and raw sequence data are obtained from NCBI. GEP staff at Washington
University in St Louis (WUSTL) analyze these assemblies to identify regions of interest (e.g., Muller F and D
element scaffolds). These regions are partitioned into overlapping projects at the appropriate size [currently
100 kb for sequence improvement and 40 kb (from two to seven genes) for annotation]. GEP faculty
members claim the number of projects appropriate for their class. On completion, GEP students submit their
projects (with a detailed report) to WUSTL. For quality-control purposes, each project is completed by at least
two groups working independently and then reconciled by experienced undergraduate students. These
reconciled projects are then reassembled to create a large domain (1–3 Mb) of high-quality annotated
sequence, which is then used in the final analyses and subsequent publications in the scientific literature.
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Having a centrally organized national
experiment such as the GEP collabora-
tive has been a win-win experience for
us, the GEP faculty. In implementing this
CURE, we have provided our students
with rich learning experiences, while also
generating useful scientific information
that would be prohibitively expensive
to generate by traditional means (i.e.,
locally with full-time research scientists).
Bioinformatics is particularly well suited
for a CURE, because infrastructure
costs are low (computers with Internet
access being the only requirement), and
24/7 access can be provided with no
safety concerns, a circumstance that
lends itself to peer instruction. We
believe that our approach is applicable
to many other studies utilizing compara-
tive genomics in other species. Toward
this end, we are working with members
of the Galaxy Project (led by J. Goecks,
George Washington University) to
develop G-OnRamp, a system that
facilitates creation of a genome browser
for any eukaryotic genome.
Genome annotation and analysis is just
one of many studies that can benefit from
careful collection of many data points by
undergraduates (see [6] for many different
examples). We suggest that STEM edu-
cation reform efforts could be profoundly
enhanced by establishing a suite of
national experiments in a variety of disci-
plines, enabling more faculty, especially
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Figure 2. A Genomics Education Partnership (GEP) UCSC Genome Browser Mirror View of the Mitf Gene on the Drosophila erecta F Element. The
Genome Browser provides student annotators with a workspace where they can visualize all of the available computational and experimental evidence. The available
evidence tracks include sequence similarity to Drosophila melanogaster protein sequences, predictions from multiple gene finders, RNA-Seq read coverage and splice
junction predictions from TopHat, whole-genome alignments against other Drosophila species, and repeats identified by RepeatMasker and Tandem Repeats Finder
(TRF). Note the discrepancies among the four computational gene predictions, the lack of RNA-Seq evidence for isoform RC first exon, and the small exon in isoforms RA
and RB, suggested by the RNA-Seq and TopHat tracks. In this case, the student annotators were able to resolve these contradictory lines of evidence and produce gene
annotations for four different isoforms of the putative Mitf ortholog in D. erecta, as shown on the ‘Reconciled Gene Models’ custom track.
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those at primarily undergraduate institu-
tions (PUIs) with limited research resour-
ces, to engage in such a project. We
anticipate that the development of
G-OnRamp, together with our existing
curriculum and tools, will facilitate the
development of additional CURE projects
in genomics. However, the strategy is
clearly applicable beyond genomics. We
hope that readers in many fields will think
creatively about how their own research
projects might benefit from educational
involvement such as we describe. The
solution to many data acquisition and/or
data-mining problems may be the stu-
dents currently enrolled in undergraduate
laboratories and classrooms across the
country.
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